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Shekhar and Carlier provide the first direct visual evidence of rapid depolymerization of actin filaments by actin depolymerizing factor as well as of the long-hypothesized monomer funneling by capping protein. Using a novel microfluidics approach, they also reveal how the two proteins synergize to produce skyrocketing of filament growth rates.
A living cell's ability to assemble actin filaments in intracellular motile processes is directly dependent on the availability of polymerizable actin monomers, which feed polarized filament growth [1, 2] . Continued generation of the monomer pool by filament disassembly is therefore crucial. Disassemblers like actin depolymerizing factor (ADF)/cofilin and filament cappers like capping protein (CP) are essential agonists of motility [3] [4] [5] [6] [7] [8] , but the exact molecular mechanisms by which they accelerate actin polymerization at the leading edge and filament turnover has been debated for over two decades [9] [10] [11] [12] . Whereas filament fragmentation by ADF/cofilin has long been demonstrated by total internal reflection fluorescence (TIRF) [13, 14] , filament depolymerization was only inferred from bulk solution assays [15] . Using microfluidics-assisted TIRF microscopy, we provide the first direct visual evidence of ADF's simultaneous severing and rapid depolymerization of individual filaments. Using a conceptually novel assay to directly visualize ADF's effect on a population of pre-assembled filaments, we demonstrate how ADF's enhanced pointed-end depolymerization causes an increase in polymerizable actin monomers, thus promoting faster barbed-end growth. We further reveal that ADF-enhanced depolymerization synergizes with CP's long-predicted ''monomer funneling'' [16] and leads to skyrocketing of filament growth rates, close to estimated lamellipodial rates. The ''funneling model'' hypothesized, on thermodynamic grounds, that at high enough extent of capping, the few non-capped filaments transiently grow much faster [15] , an effect proposed to be very important for motility. We provide the first direct microscopic evidence of monomer funneling at the scale of individual filaments. These results significantly enhance our understanding of the turnover of cellular actin networks.
RESULTS AND DISCUSSION
Force is produced against membranes by filament barbedend assembly, which requires maintenance of a pool of polymerizable actin monomers feeding growing barbed ends. The steady-state monomer pool is maintained by pointed-end filament depolymerization. In this treadmilling concept, the bulk rate of barbed-end growth of the filament population balances the rate of pointed-end depolymerization. Pure actin filaments treadmill very slowly [17] compared to the rapid apparent treadmilling rates observed in intracellular lamellipodial actin arrays; hence, cellular upregulation of the intrinsically slow treadmilling is required [18] .
Actin depolymerizing factor (ADF)/cofilin and capping protein (CP) play a key role in motility in vivo [4] [5] [6] [7] [8] and in reconstituted in vitro assays [19] [20] [21] . However, the molecular mechanisms underlying how ADF by itself enhances motility are still unclear. In most single-filament studies, ADF/cofilin has been found to only fragment actin filaments [13, 14, 22, 23] . However, severing (in absence of barbed-end capping) cannot increase the steadystate monomer concentration. Severing identically increases the number of barbed and pointed ends; all individual filaments therefore treadmill at an unchanged rate, and the size of the monomer pool remains unchanged [1] . One group has however proposed that ADF's enhanced filament depolymerization, monitored by bulk solution light scattering, was responsible for ADF's effect on motility [15, 24, 25] . This proposal has been questioned because ADF's enhanced filament depolymerization has so far never been microscopically visualized. Disassembly by ADF has rather been attributed to shortening by fragmentation [14] . In the present study, we provide the first visual evidence of ADF's filament depolymerization in addition to its well-characterized filament severing.
CP has also been shown to enhance motility in a concentration-dependent fashion [19, [26] [27] [28] . When a large number of filaments are exposed to CP, the fraction of filaments getting capped will be dependent on CP concentration (fraction capped, g = ð½CP=½CP + K C Þ, where K C = 0.1 nM is the equilibrium dissociation constant for CP binding to barbed ends) [29] . When an increasing fraction of filaments gets capped, monomers released from all pointed ends feed the growth of only a few barbed ends that are not capped. These few non-capped barbed ends individually grow much faster than if all barbed 
ADF Severs Filaments and Enhances Depolymerization at Filament Pointed and Barbed Ends
(A) Schematics of the setup for single-filament depolymerization. Filaments exposing free pointed ends or barbed ends were grown from coverslip-anchored gelsolin-actin complexes or spectrin-actin seeds, respectively, and sequentially exposed to F-buffer and ADF in F-buffer. (B) Representative kymographs of ADP-F-actin filaments anchored at barbed ends (B, red triangle) and exposing free pointed ends (P, blue triangle) to either F buffer only (left panel) or 1 mM ADF in F buffer (two right panels). Severing events, yellow triangles. (C) ADF concentration dependence of pointed-end depolymerization. Left: representative kymographs. Right: rate of pointed-end depolymerization versus ADF (see Movies S1 and S2). (D) ADF enhances depolymerization at filament barbed ends. Left: representative kymographs. Right: barbed-end depolymerization rate versus ADF concentration (see Movie S3). Error bars represent SD; each data point represents the average of 50 measurements cumulated from three independent experiments. All depolymerization rates were found to be statistically significant (p < 0.05; two-sample t test) compared to the control (0 ADF).
(legend continued on next page) ends were free to grow (referred to as the ''funneling effect''; Figure 4B) [16] . This model has been contested, and CP has instead been proposed to enhance nucleation [12] .
So far, ADF's enhanced depolymerization and CP's funneling have only been interpreted from bulk solution experiments. Nevertheless, ADF in association with its effector Aip1 appears to cause enhanced single-filament disassembly [30, 31] . Here, we use microfluidics-assisted single-filament imaging [32, 33] to reveal both severing and rapid depolymerization of actin filaments by ADF alone. This assay is then adapted to monitor the effects of ADF and CP (alone and together) on the concentration of ATP monomers co-existing with filaments at steady state, thus providing first direct visual evidence of the funneling effect. Filaments are anchored at one of their ends and not tethered to the surface all along their length. They are then exposed to a microfluidic flow of known biochemical composition. This method therefore avoids any mechanical interference with the change in filament twist due to ADF binding and also does not alter competition between side-binding anchoring proteins and ADF. Results presented here provide the first single-filament demonstration that ADF and CP work synergistically to enhance treadmilling of individual filaments, accounting for their in vivo function.
ADF Enhances Depolymerization Rate of Pointed and Barbed Ends
We first studied the effect of ADF on filament pointed ends. Filaments initiated from surface-anchored gelsolin-actin complexes were allowed to elongate at pointed ends. Filaments were then aged for 10 min to complete the transition to ADP-F-actin. This period is 6-fold the Pi release half-time (t 1/2 = 102 s) [34] . ADP filaments were then exposed to a flow of polymerization buffer (F-buffer: 5 mM Tris-HCl [pH 7.8], 2 mM ATP, 1 mM MgCl 2 , 0.2 mM EGTA, 50 mM KCl, 10 mM DTT, and 1 mM DABCO) containing increasing amounts of human ADF ( Figure 1A ). Filaments exposed to F-buffer alone expectedly did not appreciably fragment within the observation period of 10 min and depolymerized extremely slowly from the pointed end (0.17 ± 0.04 subunits/s; SD; n = 50 filaments; three independent experiments), in agreement with earlier single-filament studies (0.16 su/s) [35] . These values are slightly lower than those from bulk measurements [17] , possibly due to the slower dissociation of photo-induced F-actin dimers [32] . Upon exposure to ADF, we observed both filament severing as well as faster pointed-end depolymerization (between consecutive severing events; Figure 1B ). The frequency of severing increased with ADF concentration, as seen previously [22, 36] . Figure 1E shows that 50% of filaments (mean length = 10 mm) have severed at least once at t 1/2 = 40 s in the presence of 5 mM ADF, consistent with the scheme F / 2F and a first-order fragmentation rate constant of ln(2)/t 1/2 = 0.017 s À1 for a 10-mm-long filament (see Movie S4). The rate of pointed-end depolymerization also increased with ADF concentration in a saturating fashion up to a maximal rate of 3.72 ± 0.35 su/s (n = 50 filaments; three independent experiments) at 5 mM ADF ( Figure 1C ; Movies S1 and S2). The 22-fold increase in depolymerization rate at pointed ends is similar to the 25-fold increase observed in bulk measurements [15] .
To evaluate the effect of ADF on depolymerization at barbed ends, we grew filaments from coverslip-anchored spectrin-actin seeds ( Figure 1A) . The free barbed ends of the aged ADP-F-actin filaments were then exposed to ADF in F-buffer as above. In buffer alone, barbed ends depolymerize at 2.31 ± 0.27 su/s, similar to previous reports of $1.4 su/s [35, 37] . The barbedend depolymerization rate increased with ADF concentration in a saturating fashion ( Figure 1D ) up to about 16.54 ± 2.68 su/s at 5 mM ADF (n = 50 filaments; three independent experiments), in a trend similar to pointed ends ( Figure 1C ). High frame rate imaging (2.45 s per frame) ensured that the observed rate of depolymerization was not just a collection of short severing events (see Movie S3).
ADF's destabilization of actin-actin interactions in the filament [38] , which promotes filament severing [13, 22, 23, 39] , might also cause the enhanced disassembly at filaments ends. Why has this not been seen earlier? A possible explanation lies in the methods used in earlier studies and maybe in the acknowledged quantitative differences between the various cofilins and ADF variants [40, 41] . In previous studies, filaments were mostly maintained in the evanescent field by surface anchoring [13, 22] . The filament fragments generated by severing immediately left the evanescent field [22] , and shortening of the anchored filaments was interpreted as disassembly [14] . Our method, in which the flow (50-100 mm/s) maintains the filaments aligned in the evanescent field, allows visualization and accurate measurement of both severing and depolymerization. Earlier work from our lab used this technique to apply controlled forces on actin filaments anchored at one end (see Figure 1A for experimental schematic) [42] . Whereas the applied drag force increases steadily toward the anchorage point, the force is negligible at the free end. Low-flow rates as used in this study (50-100 mm/s) do not affect elongation, depolymerization [34] , or protein activity at the free end [42] . ADF-induced depolymerization at the free end will therefore be unaffected. We further checked that flow had no effect on ADFinduced severing in the range of flow rates used here (see Figure S1 ). Future experiments with fluorescently labeled ADF will be valuable in confirming the results presented here. However, this has so far been a challenge because many of ADF's eight cysteine residues are close to its actin-interaction regions [22] .
Twinfilin and Srv2 together have recently been found to promote a similar increase in pointed-end (17-fold) and barbed-end (3-fold) depolymerization [37] . Aip1 also enhances depolymerization of ADF/cofilin-decorated filaments [31, 43] . However, enhanced depolymerization by ADF/cofilin alone has so far never been visualized. We have demonstrated that ADF alone is sufficient for both fragmentation and depolymerization of filaments, with identical concentration dependence. Both properties thus reflect the lower structural [38] , mechanical [44] , and thermodynamic stability of ADF-decorated than bare filaments. We do not see the reported decrease in severing of cofilin at high concentrations [13] . The severing mechanism used by ADF differs from the ''hit and cut'' mechanism used by gelsolin, Spire, or Cobl.
ADF Increases Steady-State Monomer Concentration
As discussed previously (see [1] for a detailed quantitative discussion), severing of pure actin filaments by itself does not change the steady-state monomer concentration ($0.1 mM). ADF's effect on G-actin concentration has been evaluated by bulk assays-SDS-PAGE of supernatants of high-speed centrifuged F-actin or measurements of ADF-increased amount of ATP-G-actin, amplified by sequestration by thymosin b4 [24] .
We designed a novel microfluidics-assisted total internal reflection fluorescence microscopy (TIRFM) assay to directly measure the monomeric ATP-actin concentration and monitor how ADF affects it. Tracer filaments exposing free barbed ends were then elongated from immobilized spectrin-actin seeds in a flow containing 1 mM G-actin (10% Alexa 488 labeled) and 4 mM profilin (see Figure 2A for a schematic). The tracer filaments were then exposed to a flow containing F-buffer with 5 mM 10% Alexa-488-labeled F-actin, 3 mM profilin, and varying amounts of ADF incubated to reach steady state ($2 hr) [15] . Profilin enhances efficiency of treadmilling by preventing monomer association to pointed ends. The elongation rate of tracer filaments acts as a reliable reporter of the concentration of polymerizable monomers (mainly profilin-actin; see STAR Methods) co-existing with the population of flowing filaments at steady state. By varying ADF concentration, the effect of ADF on steady-state monomer concentration was quantified ( Figure 2B ).
In absence of ADF, tracer barbed ends grew very slowly (0.14 ± 0.05 su/s; close to the rate of pointed-end disassembly and consistent with 0.1 mM profilin-actin in the mix). In presence of ADF, tracer barbed ends grew faster, up to about 4 su/s at 2 mM ADF, which translates into a concentration of 0.54 mM profilin-actin (and negligible G-actin; Figure 2B ). The decline at higher ADF most likely reflects ADF-mediated inhibition of conversion of ADF-ADP-G-actin to ATP-G-actin [15] . ADF-induced severing events are visible between periods of barbed-end growth (Figure 2C ). Interestingly, a few filaments from the bulk flow sometimes landed and bound non-specifically to the glass surface, exposing their two ends to the flow. Because they were part of the bulk flow, these filaments were actually at steady state. They display barbed-end growth and pointed-end shrinkage at identical rates, maintaining constant length, i.e., treadmilling (Figures 2D and 2E; Movie S5). In conclusion, ADF enhances treadmilling by establishing a higher steady-state monomer concentration.
CP Funnels Monomers to Uncapped Barbed Ends
Capping of barbed ends is essential for actin-based motility [20, 26, 28] . CP has been proposed to ''funnel'' actin monomers released from all pointed ends onto a few non-capped filaments, locally initiated in cells by surface-bound nucleators, which transiently grow faster [19, 20] . Funneling is expected to increase with the extent of capping and be most effective between 90% and 99.9% capping [45] . Pending direct visualization, this hypothesis has been challenged [12] . We investigated the ''funneling effect'' of CP using the above assay.
Tracer barbed ends were exposed to a steady-state solution of 5 mM 10% Alexa-488-labeled F-actin, profilin (3 mM), and varying amounts of CP (incubated overnight in F-buffer to reach steady state). At 0.2 nM CP, when 67% of bulk filaments are capped (Equations 7 and 8; STAR Methods), the tracer barbed ends elongate at 0.53 ± 0.14 su/s, corresponding to a concentration of 130 nM profilin-actin and 5 nM G-actin monomers ( Figures 3A  and 3B ). At 5 nM CP (98% bulk filaments capped), the tracer growth rate of 8.06 ± 0.28 su/s corresponds to a steady-state 0.85 mM profilin-actin and 40 nM G-actin. Expectedly, tracer ends also get capped faster with increasing CP concentration (k +C = 4.06 ± 0.17 mM À1 s
À1
; Figure S2 ) [29] . The results demonstrate a non-linear dependence of the steady-state monomer concentration on the extent of capping, notably amplified by profilin ( Figure 3B ) [16, 45] .
At CP concentrations above 5 nM, tracer filaments get capped too rapidly to allow elongation rate measurements. We therefore used formin-bound barbed ends as tracers. The 500-fold lower affinity of CP for formin-bound barbed ends [46, 47] allowed us to test higher CP concentrations in the flowing F-actin mix (up to 20 nM CP; 99.5% capping). Fluorescent filaments were nucleated from surface-anchored formin mDia1 FH1-FH2 by flowing in 1 mM labeled G-actin with 1 mM profilin. These formin-anchored ''tracer'' filaments were then exposed to a flow containing unlabeled 5 mM F-actin, 3 mM profilin, and varying amounts of CP. The fluorescent distal fragment of the tracer filament moves due to insertional addition of unlabeled actin monomers (bound to profilin) at formin-anchored barbed ends ( Figure 3C ). The elongation rate of formin-bound tracer ends increased up to 130 su/s at 20 nM CP ( Figures 3D and 3E) . Assuming a value of 50 mM
.s
for the association rate constant of profilin-actin to formin-bound filaments [42] , the 130 su/s elongation rate translates to a steadystate concentration of profilin-actin of about 2.6 mM (at equilibrium with 0.6 mM ATP-G-actin, close to the critical concentration for pointed end assembly). In conclusion, capping of filaments at steady state enhances the growth rate of the few uncapped filaments by increasing the steady-state concentration of polymerizable monomers, thus validating the ''funneling effect.''
Results presented here clarify a discrepancy between the reported enhancement of actin-based propulsion of Listeria and N-WASP beads by CP, inhibition at high capper concentrations [19, 27] , which were at variance with the observations and interpretation of CP function made by Akin and Mullins [12] . A key difference between the experiments of Akin and Mullins and ours is that, whereas our flowing actin solutions consist of F-actin (and actin monomers) at steady state, Akin and Mullins's experiments contained only G-actin and CP at time zero. Hence, the filament elongation rate and resulting propulsion rates varied as G-actin was depleted with time. A recent theoretical study argued that CP increases monomer concentration only near the location of branched nucleation at the surface of an ActA-coated bead [11] . In contrast, our results actually show a global increase in bulk monomer concentration. Thus, our steady-state in vitro results appear to account for in vivo effects of CP on motility [1] .
ADF and CP Synergistically Enhance the Concentration of Polymerizable Actin Monomers and Barbed-End Assembly at Steady State
We have thus far shown that ADF and CP individually increase actin monomer concentration. We next explored their functional cooperation when they are present together with F-actin. Tracer barbed ends were nucleated and exposed to solutions of F-actin and profilin at steady state, containing either ADF alone, CP alone, or both ( Figures 3F and 3G) . At 1 mM ADF and 5 nM CP, the elongation rate of tracer barbed ends was 24 su/s as compared to 4 su/s in presence of 1 mM ADF alone and 8 su/s in presence of 5 nM CP alone. ADF and CP therefore synergize and promote a 160-fold faster elongation rate than in absence of CP and ADF ($0.14 su/s). With 1 mM ADF and 5 nM CP, steady-state monomer concentration increases to about 2.5 mM (Figure 3G ). Initial total actin concentration (5 mM) was chosen such that it is higher than the maximal steady-state monomer concentration seen here, thus ensuring that both F-actin and G-actin are present at steady state. Profilin concentration (3 mM) was kept high enough to ensure that most monomeric actin gets converted to profilin-actin and low enough that profilin does not compete with CP at barbed ends [48] .
ADF establishes a higher ATP-monomer concentration and results in faster (but equal) global rates of barbed-end growth and pointed-end depolymerization ( Figure 4C ). This effect cumulates with CP-mediated funneling ( Figures 4B and 4E ) in a synergistic fashion (Figures 4D and 4E) . The individual and cooperative regulations by ADF and CP have been demonstrated here at the single-filament scale, thanks to an original approach for direct TIRF-based measurement of monomer concentration. The growth rate measurements are consistent with the ones expected from a graphical representation of the contribution of barbed and pointed ends of filaments to the steady state of actin assembly ( Figure 4E ). Elongation rates of 24 su/s at 1mM ADF and 5 nM CP are in close agreement with estimates of lamellipodial barbed-end assembly rates (66 su/s) [49, 50] . Our results represent a major step forward in our understanding of the molecular mechanisms by which cells might control a steady-state monomer pool that All elongation rates in (B) (except at g = 0.75) are statistically significant (p < 0.05; two-sample t test) compared to the rate at g = 0.5. All elongation rates in (E) (except at g = 0.5 and 0.75) are statistically significant (p < 0.05; two-sample t test) compared to the rate at g = 0.33. All elongation rates in (G) were found to be statistically significant compared (p < 0.05; two-sample t test) to control (0 ADF and 0 CP).
determines the rate of cell migration. Our novel method can in the future be easily adapted to explore contributions of other effector proteins (e.g., Aip1, twinfilin, and coronin) to steadystate monomer pool and promises to be seminal, for instance in offering a quantitative measurement, at the single filament level, of the actual concentration of profilin-actin in various cell extracts, which is a major unsolved issue [1, 48, 51] .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
No cell or animal experiments were conducted.
METHOD DETAILS
Protein purification Purification and fluorescent labelling of Actin Acetone powder of rabbit muscle extract (9 g) was mixed in 270 mL of extraction X buffer (2 mM Tris-HCl pH 7.8, 0.5 mM ATP, 0.1 mM CaCl 2 , 1 mM DTT, 0.01% NaN 3 ) in a 500 mL beaker kept on ice using a glass stirring rod for a total of 40 min. The solution was then centrifuged at 25,000 x g for 45 min at 4 C and the supernatant filtered over glass wool placed in a funnel. To the filtered volume, solid potassium chloride (KCl) was added to have a final concentration of 3.3 M. The beaker was then placed in a warm water bath at 20-25 C and mixing was continued by magnetic stirring until temperature reached 15 C. The solution was then placed on ice without any further mixing until temperature reached 5 C. The solution was once again centrifuged at 25,000 x g for 30 min at 4 C. The pellet, which consisted of alphaactinin-actin gel, was discarded and the supernatant was filtered over glass wool. The filtrate was then dialyzed overnight at 4 C against 32 volumes of dialysis buffer D1 (2 mM Tris-HCl, pH 7.8, 1 mM MgCl 2 , 1 mM DTT). KCl was added to the dialyzate to a final concentration of 0.8 M and mixing continued with magnetic agitation for 1.5 hr at 4 C followed by centrifugation for 3.5 hr at 100,000 x g at 4 C. The supernatant containing tropomyosin was discarded and the pellet of F-actin was gently resuspended in a total volume of 25 ml of extraction X buffer. 75 ml of 1 M MgCl 2 and 375 ml of 4 M KCl was added and the volume was completed to 38.6 mL with extraction X-buffer and homogenized. A second round of elimination of tropomyosin was performed by adding 9 mL of 4M KCl, adjusting the volume to 50 mL with X-buffer. The solution was then mixed with magnetic agitation for 1.5 hr at 4 C and centrifuged for 3.5 hr at 100,000 x g at 4 C. The tropomyosin-enriched supernatant was discarded and the pellet of F-actin was resuspended in 30 mL of extraction X-buffer (4 C), homogenized with a potter on ice and dialyzed against 2 l of G-buffer for 48 hr at 4 C. The dialysis buffer was then changed and the dialysis continued overnight against 1 l of fresh G-Buffer. Using a tip sonicator, the solution was sonicated three times with 30 s pulses at low power by dipping the tip in the dialysis bag and the dialysis was continued overnight in fresh 1 l G-buffer. The solution was centrifuged for 1.5 hr at 400,000 x g at 4 C and the supernatant was loaded on to a pre-equilibrated 2.5 3 100 cm Superdex 300 size exclusion column to separate actin oligomers from G-actin. The last two thirds of the main monomer peak were collected, their absorbance at 290 nm was measured and concentration was calculated (molar extinction coefficient of actin at 290 nm = 0.617 mg/ml and the molecular weight is 42 kDa). The typical yield of this preparation is 40 mL at 55 ± 10 mM (2.3 ± 0.4 mg/ml) G-actin. Purified G-actin can be stored on ice for up to 3 weeks.
Purified actin was labeled by reacting Alexa 488 NHS Ester dye with F-actin exposed surface lysine residues as follows. 2 mL of purified G-actin (concentration $50mM) was polymerized by dialyzing it overnight at 4 C against modified F-buffer (20 mM PIPES pH 6.9, 0.2 mM CaCl 2 , 0.2 mM ATP and 100 mM KCl). The F-actin was labeled by incubation with the dye (final concentration 0.25 mM) for two hours at room temperature in the dark on a rotating wheel. Labeled F-actin was then centrifuged at 450,000 x g for 30 min at room temperature. The pellet of labeled F-actin was resuspended in 2 mL of G-buffer (5 mM Tris-HCl pH 7.8, 0.1 mM CaCl 2 , 0.2 M ATP, 0.01% NaN 3 and 5 mM DTT) homogenized using a potter and then allowed to depolymerize on ice in the dark for 2 hr. This solution was re-polymerized by adding MgCl 2 and KCl (final concentrations of 1 mM and 100 mM) and incubating on ice for one hour followed by centrifugation at 450,000 x g for 30 min at 4 C. The supernatant was discarded and the pellet of polymerizable labeled F-actin was homogenized in 2 mL of G-buffer using a potter. This solution was dialyzed at 4 C in the dark overnight against 1 l of G-buffer and was once again centrifuged 450,000 x g for 30 min at 4 C next morning. The supernatant contains labeled monomeric actin. The concentration and labeling efficiency of G-actin was then determined by measuring the absorbance at 280 nm (A280) and at 495 nM (A495). Calculate the concentration of actin and dye: Next morning, a Poly-L-Proline column connected to an FPLC system was equilibrated with 4 column volumes of Washing Buffer and the dialyzed lysate was flowed through the column. The profilin-bound column was first washed with washing buffer and the protein was then eluted out by flowing through elution buffer. Eluted protein was further dialyzed overnight against dialysis buffer (dialysis membrane cut-off 12-14,000 Da). Dialyzed protein was concentrated with Vivaspin 20 (10,000 Da) and once again dialyzed overnight against conservation buffer (10 mM Tris-HCl pH 7.5, 50 mM KCl, 1 mM DTT). Protein concentration was determined by measuring the absorbance at 280 nm (Absorbance of a 0.1% solution = 1.15 and Profilin molecular weight = 14,800 Da). Purified protein was flash frozen in liquid nitrogen and stored at À80 C.
Purification of Capping Protein
E. coli BL21 DE3 cells were transformed with a plasmid containing mouse His-a1b1 Capping Protein. The transformed cells were then grown in LB in presence of selection antibiotics. Protein expression was then induced by incubating overnight with 1 mM IPTG. The cells were washed with PBS and resuspended in lysis buffer (20 mM NaPO 4 pH 7.8, 500 mM NaCl, 1 mM DTT, 15 mM Imidazole, 0.1 mM EDTA, 0.5%Tween, 0.1 mM PMSF + Protease Inhibitors). The solution was mixed with magnetic agitation for 20 min at 4 C followed by addition of lysozyme (final concentration $1mg/ml). The solution was further incubated for 15 min on ice and sonicated with a tip sonicator keeping the tubes on ice. The lysate was then ultracentrifuged at 150,000 x g for 50 min at 4 C. The supernatant was then flowed through a HisTrap column connected to a Fast Protein Liquid Chromatography (FPLC) system and the column was then washed with the washing buffer (20 mM NaPO 4 pH 7.8, 500 mM NaCl, 1 mM DTT, 15 mM Imidazole) to remove proteins non-specifically bound to the column. Capping protein was then eluted by flowing through elution buffer (20 mM NaPO 4 pH 7.8, 500 mM NaCl, 1 mM DTT and 500 mM Imidazole) over the column. The eluted protein was then concentrated with Vivaspin 6 tubes (30 kDa) up to a final volume of about 2 mL and then loaded on a pre-equilibrated gel filtration column (HiLoad 16/60 Superdex 200 prep grade) connected to an FPLC system (Gel filtration buffer: 20 mM Tris pH 7.5, 50 mM KCl, 1 mM DTT). Fractions containing the protein were combined and protein concentration was determined by measuring the absorbance at 280 nm (Molar extinction coefficient at 280 nm = 76,300 M -1 cm -1 .). Purified protein was flash frozen in liquid nitrogen and stored at À80 C.
Purification of ADF E. coli BL21 DE3 cells were transformed with a plasmid containing human ADF. The transformed cells were then grown in LB in presence of selection antibiotics. The cells were then resuspended in 100 mL of Lysis Buffer (10 mM Tris-HCl pH 7.8, 1 mM EDTA, 1% Triton 100X, 5% Glycerol, 1 mM DTT and Protease Inhibitors) to which 0.5 mg/ml of lysozyme was added and the mix was incubated for 30 min with rotation at 4 C. The incubation was continued for another 30 min after addition of 10 mg/ml of DNase I. 5 mM MgCl2 and 0.1 mM PMSF was then added to the solution followed by sonication by a tip sonicator to completely lyse the cells. The solution was kept on ice during sonication. The lysate was then centrifuged for 30 min at 18,000 x g at 4 C and the supernatant was dialyzed (cut-off 12-14000 Da) overnight at 4 C against 2 l of Buffer QA (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM DTT, 0.2 mM EGTA, 0.1% NaN 3 ). The dialyzed lysate was loaded on a ReSource Q ion-exchange column connected to an FPLC system and sequentially washed with 5 column volumes of water, Buffer QA, Buffer QB (10 mM Tris-HCl pH 7.5, 1 M NaCl, 5 mM DTT, 0.2 mM EGTA, 0.1% NaN 3 ) and Buffer QA. The column was then washed with Buffer QA. The flowthrough was conserved and concentrated using a Vivaspin 20 (10 kDa). Concentrated protein was dialyzed against 1 l Buffer SA (10 mM PIPES pH 6.5, 25 mM NaCl, 5 mM DTT, 0.2 mM EGTA, 0.01% NaN 3 ). Next morning, the dialyzed protein was loaded on a ReSource S ion-exchange column that had been washed with 5 column volumes of water, Buffer SA, Buffer SB (10 mM PIPES pH 6.5, 50 mM NaCl, 5 mM DTT, 0.2 mM EGTA, 0.01% NaN 3 ) and Buffer SA. The bound protein was then eluted from the column with buffer SB and the fractions containing the protein were combined and concentrated using Vivaspin 20 (10 kDa). The concentrated protein was then dialyzed overnight at 4 C against 1 l of conservation buffer (5 mM Tris-HCl pH 7.5, 0.01% NaN 3 , 1 mM DTT) (dialysis membrane cut-off 12-14 kDa) followed by ultracentrifugation at 4 C at 450,000 x g next morning. Protein concentration was determined by measuring the absorbance at 280 nm (Absorbance of a 0.1% solution = 0.645, and ADF molecular weight = 16,000 Da). Purified protein was flash frozen in liquid nitrogen and stored at À80 C.
Purification and biotinylation of Formin mDia1 E. coli BL21 DE3 cells were transformed with formin mDia1 plasmid His-SNAP-FH1-FH2-DAD. The transformed cells were then grown in LB in presence of selection antibiotics. The cells were then induced with IPTG overnight and resuspended next morning in 100 mL of Lysis Buffer (20 mM NaPO 4 pH 7.8, 500 mM NaCl, 15 mM Imidazole, 0.1 mM EDTA, 0.5% Tween-20, 1 mM DTT, 1 mM PMSF, Protease Inhibitors) to which 0.5 mg/ml of lysozyme was added. The solution was incubated for 30 min with rotation at 4 C followed by sonication with a tip sonicator (8*30 s pulses) while keeping the sample on ice. The lysate was then ultracentrifuged for 185,000 x g for 30 min at 4 C and the supernatant was loaded on to an equilibrated HisTrap FF crude 5 mL column connected to a [P] total = total concentration of profilin = 3 mM 4. C C = critical concentration for assembly of either A or PA at the barbed end of a filament = 0.08 mM [53] . 5. K P = Equilibrium dissociation constant for profilin-actin complex = 0.1 mM [54] 6. k + = on-rate of polymerizable monomers (G-actin and Profilin-Actin) at the barbed end = 10 s -1 mM -1 [53] [48]
P total = ½P SS + ½PA SS (2)
Combining the laws of mass action and mass conservation into Equation 1 leads to: 
½PA SS = P total : ½A SS ½A SS + K P (6) Calculation of increase in elongation rate as a function of CP concentration ( Figures 3B and 3E ) Pointed-ends of pure actin filaments disassemble at a constant rate of about 0.17 su/s in absence of ADF ( Figure 1C ). An F-actin mix at steady-state therefore contains very low amount of polymerizable monomers. If Capping Protein is added to the mix such that majority of (> 90%) of barbed ends in the mix are capped, the value of [A] SS and [PA] SS increase, and the elongation rate of tracer barbed ends increases accordingly. At a given concentration of Capping Protein, [CP], the fraction of bulk actin filaments capped at a given time is given by:
where K C = 0.1nM [29] is the equilibrium dissociation constant for CP binding to barbed ends. 
This equation is used to calculate the expected elongation rate in presence of varying amount of CP in Figure 3B . Equation 5 and 6 were used to calculate the actual amount of polymerizable monomers from the measured elongation rate of tracer barbed ends. Note that profilin amplifies the effect of capping by establishing a higher steady-state amount of monomers than if only free G-actin contributed in barbed end growth ( Figure 3B ).
QUANTIFICATION AND STATISTICAL ANALYSIS
For single-filament imaging, a field of view containing at least 20-30 filaments was chosen and time-lapsed images were acquired for acquired for at least 30 frames (over at least 150 s). The elongation/depolymerization rates of all the filaments in the field of view were measured. The experiment was repeated 3 times and the results from the three independent experiments were cumulated (minimum number of filaments analyzed = 50). The average and standard deviation from the pooled data was determined. All error bars plotted in the figures represent the standard deviation of the pooled data. n, the exact number of filaments measured for each condition, is mentioned in respective figure legends. For Figures 1C, 1D , 2B, 3B, 3E, and 3G the statistical significance was ascertained using two-sample t test using Origin data analysis software (OriginLab Corporation), and p < 0.05 was taken as the threshold for significance. In each graph, the lowest rate of elongation/depolymerization (seen for the leftmost data point on the x axis) is taken as the base value to which all the other rates are tested for statistical significance. Each figure legend contains the details for how statistical significance was tested.
DATA AND SOFTWARE AVAILABILITY
A custom written script in ImageJ was used for preparing kymographs for the entire field of view, this script is available on request from the Lead Contact.
